Cytolysins (Cly) I, II, and III are toxins secreted by Actinobacillus pleuropneumoniae. These toxins are thought to play an important role in the pathogenesis of porcine pleuropneumonia. Clyl and Clyll are RTX toxins and in general these toxins are encoded by operons consisting of four genes, C, A, B, and D. Our group recently cloned the C and A genes of the ClyII operon (clyIlCA) of serotype 9. We found that this Clyll operon is truncated and lacked intact B and D genes (clyJIBD). B and D genes of the Clyl operon (clyIBD) were present however in serotype 9. In this study we analyzed the ClyIl operons of the reference strains of the 12 A. pleuropneumoniae serotypes and compared them with the Clyll operon of serotype 9. We focused on (i) the presence, (ii) the sequence similarity, and (iii) the genomic environment of the clyIlCA genes. The presence of the clylICA sequences was studied by hybridization analysis of genomic DNA. The sequence similarity was studied by restriction fragment analysis on polymerase chain reaction-amplified DNA. The genomic environment was compared by analysis of the sequences that are located 3' of the clyIICA genes. We demonstrated that the clylICA genes (i) are present in the reference strains of all serotypes, except serotype 10, (ii) have a high degree of sequence similarity, and (iii) are not contiguous with intact clylIBD genes. We conclude that the organization and nucleotide sequence of the Clyll operons of A. pleuropneumoniae are very similar. We also studied the presence of clyIBD sequences and found them to be present in the reference strains of all serotypes, except serotypes 3 and 6. Thus, in most serotypes the clyIBD genes may complement the absent clyllBD genes.
9, 10, and 11 and a non inducible hemolysin activity (HlyII) in almost all serotypes (6) . Kamp and van Leengoed detected four different cytotoxic activities among the 12 serotypes (14) . The proteins responsible for these activities have been poorly identified. Literature on these proteins is confusing and incomplete.
To get insight into this matter, we started a program to identify and characterize the secreted toxins and their genes. Since there is growing evidence that strains belonging to one serotype produce the same cytolysins (6, 14) , we focussed primarily on the reference strains of the 12 A. pleuropneumoniae serotypes. In the culture supernatants of these reference strains we recently identified three different toxin proteins, cytolysin I (Clyl), cytolysin II (ClyII), and cytolysin III (ClyIII) (13) . Some strains secrete only one of these cytolysins, but most secrete two of them.
ClyI is a 105-kDa protein and is secreted by the reference strains of serotypes 1, 5, 9, 10, and 11. Clyl is assumed to be equivalent to HlyI. ClyIl is a 103-kDa protein and is secreted by all reference strains, except the serotype 10 reference strain. ClyII is assumed to be equivalent to HlyII. ClyIllI is a 120-kDa protein and is secreted by the reference strains of * Corresponding author. serotypes 2, 3, 4, and 8. ClylII is probably equivalent to the pleurotoxin of serotype 2 (18) . Like the alpha-hemolysin (Hly) of Escherichia coli and the leukotoxin (Lkt) of Pasteurella haemolytica, the Clyl (HlyI) and Clyll (HlyII) toxins were shown to be members of the RTX toxin family (2, 7, 20) . RTX toxins are encoded by operons consisting of four contiguous genes in the order C, A, B, and D (4, 21) . The A gene encodes the structural toxin protein, the C gene encodes a protein that activates the toxin by fatty acylation (9) , and the B and D genes encode proteins that are involved in the secretion of the toxin. A regulated transcription terminator is present between the A and B genes (15) .
In a recent study, our group isolated the ClyII-encoding genes clyfIC and clylIA (clyIICA) of the reference strain of serotype 9 (20) . Genes encoding hemolytic proteins of serotypes 1 and 5 have been isolated and characterized by Chang et al. (2) and Gygi et al. (7) . These hemolysins have only 42% amino acid sequence similarity (5) . The hemolysin of serotype 5 appeared to be identical to ClylI of serotype 9 (20) . Despite the similarity between the clyJICA sequences of serotypes 5 and 9, major differences were found distal to the clyIIA genes. In serotype 5, an open reading frame of at least 107 bp was present adjacent to clyIIA, coding for the proximal part of a protein similar to RTX B transporter proteins (2) . In serotype 9, only the first 37 bp of this putative clyIIB gene were present adjacent to clyIIA (20) . Finally, Anderson et al. found in serotype 7 that no sequences similar to lktBD are present adjacent to the gene encoding a 103-kDa toxin (1) .
In this study, we analyzed the ClyII operons of the reference strains of the 12 A. pleuropneumoniae serotypes and compared them with the ClyII operon of serotype 9. We focused on (i) the presence, (ii) the sequence similarity, and (iii) the genomic environment of the clyIICA genes. The presence of the clyIICA sequences was studied by hybrid-631 ization analysis of genomic DNA. The sequence similarity was studied by restriction fragment analysis on polymerase chain reaction (PCR)-amplified DNA. The genomic environment was compared by analysis of the sequences that are located 3' of the clyIICA genes. The results will be discussed in terms of the role of ClyII in pathogenesis and the implications for porcine pleuropneumonia control.
MATERIALS AND METHODS
Bacterial strains, genomic DNA, plasmids, and oligonucleotides. The reference strains for the 12 serotypes of A. pleuropneumoniae were used as sources of genomic DNA. The reference strains for serotypes 1 to 12 were, respectively, S4047, 1536, 1421, M62, K17, Femo, WF83, 405, 13261, D13039, 56153, and 8329. High-molecular-weight DNA was isolated by proteinase K-sodium dodecyl sulfate (SDS) lysis, phenol-chloroform extractions, and precipitation with ethanol (16) . DNA fragments were cloned with the plasmid pGEM7Zf(+) (Promega Corp., Madison, Wis.) in E. coli JM101 by use of standard molecular biology techniques (16) The high concentration of dNTPs used in this PCR will decrease the specific activity of the synthesized DNA, but will favor the fidelity and complete extension of the PCR products (8, 10) . The reaction mixture was extracted with phenol-chloroform, and the radiolabeled DNA was precipitated with ethanol in the presence of 2.5 M ammonium acetate. Inverse PCR, cloning, and sequence analysis. The reaction conditions for the PCR were also used for the inverse PCR (17) , except that the extension reaction was for 90 s at 74°C. The template DNA for the inverse PCR was prepared as follows. Genomic DNA was digested with HindIII, and the fragments were size fractionated by agarose gel electrophoresis. The DNA fragments were isolated from the gel with GeneClean, and approximately 100 ng of DNA was circularized by self-ligation with T4 ligase in a volume of 50 ,ul.
One-tenth of the ligation products was used as the template in the inverse PCR. The inverse PCR resulted in a high background of aspecific products. Therefore, we reamplified the amplification products in a subsequent PCR. The reamplification products were digested with HindIII and cloned into pGEM7Zf(+). Sequence analysis of the cloned fragments was done with a T7 sequencing kit (Pharmacia, Uppsala, Sweden) by use of oligonucleotides specific for the SP6 and T7 promoter sequences of pGEM7Zf(+) (Promega).
Restriction fragment analysis. Radiolabeled DNA fragments were digested with restriction enzyme AluI, Sau3AI, RsaI, or Hinfll. The resulting DNA fragments were separated on a 5% polyacrylamide gel (acrylamide-bisacrylamide ratio, 19:1) in TBE (0.18 M Tris-boric acid [pH 7.8], 0.5 mM EDTA). The digestion products were visualized by autoradiography of the dried gel.
Nucleotide sequence accession number. The GenBank-EMBL accession number for primary nucleotide sequence data is X62906.
RESULTS
Presence of the clylICA genes in the reference strains of serotypes 1 to 12 and comparison of their nucleotide sequences. We detected clylICA sequences in the genomic DNA of the reference strains of the 12 A. pleuropneumoniae serotypes by dot blot hybridization, using serotype 9 clyI-ICA sequences as the probe. The probe comprised bases 315 to 3233 of the clyIICA sequence (20) and hybridized to the DNA of all serotypes, except serotype 10 (data not shown). Genomic DNA of the 12 reference strains was subjected to PCR with three different sets of oligonucleotides. Figure 1A shows the position of the oligonucleotides in the clyJICA genes. Oligonucleotide set 283/284 was used for amplification of the 5' region, set 285/286 was used for the 3' region, and set 283/286 was used for full-length clylICA. With these three oligonucleotide sets we obtained for serotypes 1, 2, 3, 4, 5, 7, 8, 11, and 12 amplification products of the same size as for serotype 9. Figure 1B shows the 1.75-kbp fragments obtained with set 283/284. Figure 1C shows the 2.05-kbp fragments obtained with set 285/286, and Fig. 1D (2, 20) .
Cloning and analysis of the sequences adjacent to clyllA. The proximal parts of putative clyfIB genes were found adjacent to the clyIIA genes of the reference strains of serotypes 5 and 9 (2, 20 (20) . The type II nucleotide sequence is shown in Fig. 4 serotypes by Southern blot analysis of genomic HindlIl fragments. A 547-bp HindIII-PstI fragment of serotype 9 was used as a type I-specific probe, and a 959-bp XbaI-HindIII fragment of serotype 2 was used as a type II-specific probe (Fig. 6C) . The type II probe hybridized with 2.8-kbp HindIII fragments of serotypes 2, 3, 5, and 8 and with a 10-kbp fragment of serotype 4 (Fig. 6B) . These HindlIl fragments also carried the clyIICA sequences (Fig. 3, lanes 2, 3, 4 , 5, and 8). Although we were unable to clone the sequences distal to serotype 4 clyIIA, we concluded from these data that type II sequences are adjacent to the serotype 4 ClyIl operon, as was shown for serotypes 2, 3, 5, and 8 (Fig. 5) . Type II sequences are not present in the reference strains of serotypes 1, 6, 7, 10, 11, and 12. The type I probe showed a more complex hybridization pattern than the type II probe (Fig. 6A) . As expected from the data shown in Fig. 3 , the type I probe hybridized to a 2.3-kbp fragment of serotypes 1, 9, 11, and 12 and to a 2.8-kbp fragment of serotype 7. Most serotypes, however, showed additional hybridizing fragments. A unique hybridization pattern was found for most serotypes, ranging from no hybridization for serotypes 4, 6, and 10 up to hybridization with four different fragments in serotype 2. Serotype 6 DNA did not hybridize with the type I or type II probes.
Presence of clyIBD sequences in the reference strains of the 12 serotypes. None of the 12 reference strains contained a Clyll operon with intact genes for the B and D transporter proteins. We checked the 12 reference strains for the presence of transporter genes by hybridization of their genomic DNA with the serotype 9 clyIBD sequences in a dot blot assay. The probe was a 2,349-bp EcoRI fragment (bases 348 to 2697) that contained most of the clyIBD open reading frames (20) . The genomes of all reference strains, except the reference strains of serotypes 3 and 6, hybridized with the VOL. 60, 1992 on June 23, 2017 by guest http://iai.asm.org/ Downloaded from probe. This finding demonstrated the presence of clyIBDrelated sequences in most serotypes.
DISCUSSION
In this report we demonstrated that clylIC and clyIIA genes are present in the reference strains of the 12 A. pleuropneumoniae serotypes, except in the reference strain of serotype 10. This result is in agreement with the observation that serotype 10 is the only serotype that does not secrete ClyIl (13) . PCR amplification of the clyIlCA sequences resulted in equally sized products, except for serotype 6. The clyIICA genes of the serotype 6 reference strain contain an insertion of approximately 1.8 kbp in the 5' region. This insertion probably influences the expression of the ClyIIC protein, because this strain produces a normally sized Clyl protein with a low hemolytic activity (13) . The clyIICA sequences of the reference strains of serotypes 1, 2, 3, 4, 5, 7, 8, 9, 11 , and 12 were compared with each other by extensive RFLP studies. For these studies we used four different restriction enzymes, which together have 57 recognition sites in the clyIICA sequence of serotype 9. The RFLP studies showed very similar restriction patterns for the clyIICA sequences of the 10 serotypes that were examined. This finding indicates that the clyIICA genes of the reference strains of serotypes 1, 2, 3, 4, 5, 7, 8, 9, 11, and 12 have very similar primary structures and encode very similar Clyll proteins. The degree of similarity is indicated by the small number of differences we found (only three) among the 10 clyIICA sequences tested. Comparison of the reported clyI-ICA sequences of serotypes 5 and 9 also revealed in serotype 5 the presence of an additional HpaII site at position 209, a 3-bp deletion at position 51, and a single base pair deletion at position 44 . With the RFLP analysis we found no evidence for the additional HpaII site and for the deletions. This finding indicated that the clylICA sequences of serotypes 5 and 9 are even more similar to each other than would be expected from their reported sequences.
In contrast to the similarity of the clyIICA sequences is the presence of two different sequences adjacent to the ClylI 60, 1992 on June 23, 2017 by guest http://iai.asm.org/ Downloaded from 3 and 6. It might be very well that in all serotypes, except 3 and 6, translation products of the ClyI operon act in trans and account for the transmembrane transport of Clyll. Detailed Southern hybridization indicated that the reference strains of serotypes 1, 5, 9, 10, and 11 do contain intact ClyI operons consisting of the four genes C, A, B, and D, whereas the reference strains of serotypes 2, 4, 6, 7, 8, and 12 contain Clyl operons in which a major part of the C and A genes have been deleted (11) . The transporter proteins for ClylI of serotypes 3 and 6, however, remain to be identified. To our knowledge the proposed complementation of the Clyll transporter genes by those of the Clyl operon is the first indication that RTX transporter genes are exchangeable in a naturally occurring organism.
The data presented in this report enhance our insight into the structure and the genetic organization of the Clyll determinants of A. pleuropneumoniae. We believe that Clyll plays an important role in porcine pleuropneumonia, since preliminary results from our group indicate that pneumonic lesions can be induced in pig lungs by culture supernatants of recombinant E. coli cells that secrete ClyII (12) . Additional evidence for the importance of ClyIl is the observation that all serotypes, except serotype 10, secrete this cytolysin and that serotypes 7 and 12 secrete Clyll as the only cytolysin. If Clyll is important for pathogenesis, it might be an important target for protective antibodies. The high degree of similarity between the ClyII proteins of the various serotypes might therefore facilitate the development of a subunit vaccine; immunization with the Clyll protein of one serotype will induce antibodies directed against ClyII of all serotypes. The high degree of similarity between the clyIICA genes may also be of value in diagnosing A. pleuropneumoniae infections; with the aid of DNA probes it might be possible to detect all A. pleuropneumoniae serotypes, except serotype 10. In view of these prospects, it should be kept in mind that we have analyzed only the reference strains of the 12 serotypes, but there is good evidence that field strains produce the same cytolysins as the reference strains (6, 14) .
